The PSI-BLAST algorithm has been acknowledged as one of the most powerful tools for detecting remote evolutionary relationships by sequence considerations only. This has been demonstrated by its ability to recognize remote structural homologues and by the greatest coverage it enables in annotation of a complete genome. Although recognizing the correct fold of a sequence is of major importance, the accuracy of the alignment is crucial for the success of modeling one sequence by the structure of its remote homologue. Here we assess the accuracy of PSI-BLAST alignments on a stringent database of 123 structurally similar, sequencedissimilar pairs of proteins, by comparing them to the alignments defined on a structural basis. Each protein sequence is compared to a nonredundant database of the protein sequences by PSI-BLAST. Whenever a pair member detects its pair-mate, the positions that are aligned both in the sequential and structural alignments are determined, and the alignment sensitivity is expressed as the percentage of these positions out of the structural alignment. Fifty-two sequences detected their pair-mates~for 16 pairs the success was bi-directional when either pair member was used as a query!. The average percentage of correctly aligned residues per structural alignment was 43.5 6 2.2%. Other properties of the alignments were also examined, such as the sensitivity vs. specificity and the change in these parameters over consecutive iterations. Notably, there is an improvement in alignment sensitivity over consecutive iterations, reaching an average of 50.9 6 2.5% within the five iterations tested in the current study.
With the fast accumulation of solved structures in the structural database PDB, it has been become evident that many of the newly solved structures are classified into already known fold families. This is obvious for proteins that show significant sequence similarity to proteins of known structure, as it was shown that even 30% of sequence identity between two proteins may suffice to ensure their folding into similar structures~Sander & Schneider, 1991!. However, it is most remarkable that there are many proteins with no discernible sequence similarity that adopt the same fold e.g., Chothia, 1992; Orengo et al., 1994; Rost, 1999; Brenner & Levitt, 2000; Koppensteiner et al., 2000 !. Recent surveys of the PDB have reported that among the newly determined structures that show no sequence similarity to PDB sequences, about 75% fall into the same fold families of already known structures~Bren-ner & Levitt, 2000; Koppensteiner et al., 2000 !. Had we known to recognize these relationships from the protein sequences, the fold of many proteins could be identified without tedious structural experiments, which in turn could then focus on proteins with high probability to have a new fold~Kim, 1998!.
Indeed, during the last 10 years new and more sensitive approaches for fold recognition have been developed that succeed to varying degrees in identifying the relationships between remote structural homologues. These include:~1! various threading approaches that evaluate the compatibility between a protein sequence and a given structural template~e.g., Jones et al., 1992; Sippl & Weitckus, 1992; Bryant & Lawrence, 1993; Fischer & Eisenberg, 1996; Rost et al., 1997 !.~2! More advanced sequence comparison procedures that take into account multiple alignments rather than pairwise comparisons only~Krogh et al., 1994; Altschul et al., 1997; Park et al., 1998; Rychlewski et al., 2000; Teichmann et al., 2000! . Such approaches were shown to recognize three times as many remote homologues as pairwise methods~Park et al., 1998!. Also, in several cases these methods were shown to outperform the threading methods, as demonstrated in the recent CASP3 meeting~for review, see Sternberg et al., 1999 !.~3! Recently, new approaches have been reported that incorporate both multiple sequence alignments and threading according to energy considerations, resulting in improved recognition of remote homologues~e.g., Jones, 1999; Panchenko et al., 2000!. One of the most widely used algorithms is the PSI-BLAST, which belongs to the second category~Altschul et al., 1997!. PSI-BLAST identifies remote homologues iteratively. When comparing a query sequence against the protein database, PSI-BLAST generates a position specific scoring matrix~PSSM! from the multiple alignment of sequences identified in that search. The PSSM is used to search the databases for additional similar sequences, and these are now used to update the matrix. This process is repeated until a predetermined number of iterations is reached, or until the searches converge~no new sequences are added!. Using enough iterations, with a large enough database, weak but biologically meaningful similarities may be detected. PSI-BLAST has been acknowledged as one of the most powerful tools for detecting remote structural homologues using sequence considerations onlỹ Park et al., 1998; Salamov et al., 1999 !. It has been extensively used in genome annotation and was shown to improve significantly the coverage obtained by pairwise procedures and to provide structural assignments to 19-47% of the sequences of different genomes~Muller et al., 1999; for review, see Teichmann et al., 1999!. Recognizing the fold family of a protein opens the possibility to model the structure of that protein based on the structure of its identified homologue. However, to achieve reliable models, the quality of the alignment itself is very important, as it would serve as the basis for homology modeling. Here we assess the alignment accuracy obtained by PSI-BLAST for remote structural homologues by comparing the sequence alignment to the structural alignment. For this we use a stringent database of 123 protein pairs that are structurally similar but sequentially dissimilar. The main question that we address is what percentage of residues in the structural alignment are correctly aligned in the sequence alignment obtained by PSI-BLAST, or, in other words, what is the sensitivity of the PSI-BLAST alignments. In addition, the process of analysis and the results enable us to answer several more questions:~1! how many sequences detect their pair-mates?~2! In what iteration number did the detection occur?~3! Is there a change in the alignment sensitivity with subsequent iterations?~4! What is the specificity of the alignment~fraction of correctly aligned residues out of the sequence alignment!?~5! How does the specificity change with subsequent iterations?~6! How are the correctly aligned residues distributed in respect to the secondary structure elements of the structures?
Results and discussion: The assessment was carried out on a database of pairs of remote structural homologues, constructed by rather stringent criteria. Two databases were used as a starting point: The fold classification based on structure-structure alignments of proteins~FSSP!~Holm & Sander, 1996! and Distant Aligned Protein Sequences~DAPS!~1998; Rice & Eisenberg, http:00 siren.bio.indiana.edu0daps!. The DAPS database is based on FSSP and contains alignments of all protein pairs sharing less than 25% identical residues. These pairs of proteins were based on the PDB_SELECT25 list~Hobohm & Sander, 1994!. For generation of our database, the DAPS database was filtered using the following criteria:~1! minimal protein length of 30 residues for both pair members,~2! resolution better than 3.5 Å for each pair member,~3! difference in sequence lengths within a protein pair does not exceed 50% of the shorter member,~4! the structural alignment length is at least 60% of the longer member's length, and 5! protein pairs whose similarity could be detected by the SmithWaterman algorithm~Smith & Waterman, 1981! were excluded. At the end of this procedure, the database contained 123 pairs of structurally similar proteins with 12% average sequence identitỹ http:00bioinfo.md.huji.ac.il0marg0SSSD!.
Each chain in the database was submitted as a query to PSI-BLAST and run against the NR database~a nonredundant compilation of all known protein sequences!. The program was run with default parameters for five iterations, or until convergence. The run under these conditions had several reasons:~1! We wished to perform our assessments based on the commonly used PSI-BLAST runs.~2! As our goal was not to assess the power of PSI-BLAST in fold recognition @this was studied extensively by Park et al. 1998! and Salamov et al.~1999 !#, but rather to assess the accuracy of the alignments, we did not try different parameters.~3! Park et al.~1998! demonstrated that although they allowed 20 iterations for PSI-BLAST, 61% of the queries finished their search after two to four iterations, and 18% after 5-10 iterations. Moreover, 39% of the queries found their homologues after four iterations. Again, as our goal was not to detect as many homologues as possible, but to assess the alignment accuracy of the detected ones, we set the limit arbitrarily at five iterations~six rounds!. When a pair member detected its partner, we compared the alignment provided by PSI-BLAST to the structural alignment as reported in FSSP. The alignment accuracy was assessed by its sensitivity and specificity measures. The sensitivity of an alignment was evaluated by determining the number of aligned positions that existed both in the sequence alignment and in the structural alignment, and dividing this number by the number of aligned positions in the structural alignment. This ratio is expressed as a percentage~ϫ100!. The specificity of the alignment was calculated as the number of the correctly aligned residues divided by the number of residues in the sequence alignment~ϫ100!. Such measures were used previously to assess the accuracy of alignments obtained by fold recognition methods~e.g., Marchler-Bauer & Bryant, 1997; Rost et al., 1997; Russell et al., 1998; Jones, 1999; Domingues et al., 2000!. The results of the analysis are summarized in Table 1 . Fifty-two of the queries detected their partner sequence~for 16 pairs detection occurred when the search was carried out with either of the pair members as a query!. This means that PSI-BLAST succeeded to detect the remote structural homologues in 21% of 246 searches, or, in other words, for 36 of the 123 pairs their pair-mate was detected~29.3%!. Because the sequence pairs in our database shared only 12% identical residues on the average, this rate of detection is comparable to that reported by Park et al.~1998! and Salamov et al.~1999!, using less restrictive databases. Forty-eight percent of the detections occurred already at the first iteration~Fig. 1!. The distribution of alignment sensitivities at the iterations where detections have occurred is demonstrated in Figure 2 . As shown, 18 of the 52 alignments reached alignment sensitivity higher than 50% already at the detection iteration. The mean sensitivity was 43.5 6 2.2%~standard error!. Notably, in a recent paper that was published while this manuscript was under review, Sauder et al. 2000 ! also reported that PSI-BLAST correctly aligns 40% of the residues when the sequence identity of the protein pairs was 10-15%. In our study, in total, out of 11,062 structurally aligned residues, 4,683 were correctly aligned by PSI-BLAST~42.3%!. The average specificity of the detection iteration was 56.6 6 2.14%. A positive correlation was observed between the sensitivity and the specificity~r ϭ 0.51 by Spearman rank correlation!. There was no correlation between the sensitivity and the structural alignment's length or with the number of aligned residues in the structural a The list is sorted by the PSI-BLAST iteration in which the query sequence detected the target sequence. Sensitivity: percentage of correctly aligned positions by PSI-BLAST out of the structural alignment. Specificity: percentage of correctly aligned positions by PSI-BLAST out of the sequence alignment. Detection iteration: Iteration in which the target pair-mate was first detected. Maximum sensitivity iteration: iteration where maximum sensitivity was reached within the five iterations tested. E-values of the detection and maximum sensitivity iterations are given.
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b Pair-mates that were initially detected and then lost at subsequent iterations. c Converged after three iterations.
alignment. We also examined whether there was a higher presence of the correctly aligned residues within secondary structure elements and found that in that respect they were randomly distributed along the structures; 83.2% of the correctly aligned residues were located within secondary structures, while the fraction of residues within secondary structures in the whole database was 81.7%. Because each PSI-BLAST submission was run for five iterations, even in cases where the detection of the pair-mate occurred already in earlier iterations, we could follow the accuracy of the alignment as the iterations proceeded. We compared the alignment sensitivity between the iteration where detection has occurred and the subsequent iteration for all 52 pairs, and found a significant improvement~p Ͻ 0.0005 using the Wilcoxon paired samples test!. The specificity, on the other hand, has not changed significantly. Interestingly, some of the detections disappeared in consecutive iterations~see Table 1 !. These phenomena result from the type of sequences accumulated as the PSSM is developed with successive iterations. It may happen that the new added sequences will drive the matrix to a different direction and cause the disappearance of already detected sequences, or that sequences that are closer to the detected sequence are added, leading to an improvement in the alignment. Overall, it seems that it is worthwhile to continue for several iterations to obtain better alignments, with higher sensitivity and no significant negative effect on the specificity. When we analyzed the best results for each of the 52 pairs the iteration that yielded the highest alignment sensitivity, see Table 1 and Figs. 2 and 3!, the average sensitivity was 50.9 6 2.5% Table 1 for definitions of sensitivity and of maximum sensitivity iteration.
~with average specificity of 54.9 6 2.1%!. The detailed results may be viewed at http:00bioinfo.md.huji.ac.il0marg0SSSD.
Notably, in 20 pairs the detection occurred only for one of the pair-members used as a query. This may mean that the PSSM developed when this pair member was used as a query has advanced in the direction of its pair-mate, while the other matrix derived from the pair-mate as a query! has drifted away. It is interesting also to compare the bi-directional detections, when both pair members were used as queries and detected one another. In most cases, the detection occurred at the same iteration number Fig. 3 . Specificity vs. sensitivity:~A! at the detection iteration and~B! at the maximum sensitivity iteration~see legend to Table 1 for definition of maximum sensitivity iteration!. and the alignment sensitivities were very similar. However, different scenarios were also observed. There were cases where the detection in one direction occurred at the first iteration, and in the other direction at the fifth iteration, but the alignments sensitivities were very similar~e.g., 2pia, 1fnc; see Table 1 !. In other cases, the detections may have occurred at the same iteration, but their sensitivities differed significantly~e.g., 2mnr, 4enl; see Table 1!. Our evaluation of alignment accuracy relies on the structural alignments reported in FSSP, based on the DALI algorithm for structural alignment~Holm & Sander, 1993!. Evidently, different algorithms for structure alignment may provide different alignments~Godzik, 1996!, resulting in different listings of the structurally aligned positions. In previous studies when such assessments were performed to evaluate the alignments obtained by fold recognition procedures~Marchler-Bauer & Bryant, 1997; Rost et al., 1997; Jones, 1999; Domingues et al., 2000 ! and by pairwise alignments~Domingues et al., 2000!, various approaches were used. Rost et al.~1997! used the FSSP based on DALI for the structural alignments, while Jones~1999! used the alignments based on the SSAP algorithm~Orengo et al., 1992!. We compared the DALI alignments of the pairs of proteins in our database to the alignments obtained by SSAP and found them to be very similar. This was done by the same approach that was used to assess the PSI-BLAST alignments~determination of co-aligned pairs of residues in both alignments!. We found that ;80% of the paired positions were co-aligned when either alignment was used as a standard. Similarly, Sauder et al.~2000! compared the alignments in FSSP to structural alignments obtained by the combinatorial extension structure alignment program~Shindyalov & Bourne, 1998! and reported that 75% of the paired positions were co-aligned. Thus, to a very large degree the FSSP alignments are consistent with the alignments obtained by other algorithms. Marchler-Bauer & Bryant~1997! used a jury decision based on different structural alignment methods to determine the residues that were structurally aligned. In comparison to that approach, our assessment may only underestimate the sensitivity of the PSI-BLAST alignments, because our denominator should be either equal to or larger than that determined by taking a jury decision. Domingues et al.~2000! compared the alignments obtained by threading and pairwise sequence comparisons to structural alignments obtained by various procedures and reported their results based on the structural alignment to which the tested alignment fitted best. Taking that approach, our evaluation results could only be improved using other procedures for structural alignment. Taken together, we believe that our analysis provides a reliable evaluation of the accuracy of PSI-BLAST alignments of remote homologues.
With the introduction of the fold recognition procedures, a major concern regarded the disparity between the sequence-based and the structure-based alignments of remote homologues~Rost et al., 1997!, as they should be used as a basis for homology modeling. In quite a few cases, while the correct fold was recognized, the alignment was rather poor when compared to the structural alignment. Two recent publications have reported that computational procedures that combine sequence information with knowledgebased pairwise potentials and solvent interactions predictions provide higher success in fold recognition. The reported alignments in those studies reach better than 50% sensitivity~Jones, 1999; Domingues et al., 2000 ! reported an average alignment sensitivity of 46.2% for all cases when the correct fold was recognized. For about one-third of the pairs in his database, the alignment sensitivity exceeded 50%. Domingues et al.~2000! calculated the percentage of correctly aligned residues out of all aligned positions in their database and reported a sensitivity of 51%. Improvement in the alignment accuracy for folds recognized by such procedures has been also acknowledged in the recent CASP3 meeting~Marchler-Bauer & Bryant, 1999!. Given the fact that PSI-BLAST uses sequence considerations only, its relative success in fold recognition is impressive. Moreover, in view of the stringent database used here of protein pairs with an average of 12% identical residues, the average alignment sensitivities obtained by PSI-BLAST of 43.5% in the detection iteration and of 50.9% in subsequent iterations are quite satisfactory.
